Chloral hydrate, pentobarbitone and urethane were evaluated and compared for onset, duration and depth of anaesthesia, cardiovascular and respiratory effects, nociception and mortality in adult male rats. Chloral hydrate (300 and 400 mg/kg) severely depressed the cardiovascular and respiratory systems. Duration of anaesthesia was linearly related to dose, and anaesthetic depth and analgesia were excellent. Pentobarbital (40 mg/kg) produced a short period of light surgical anaesthesia. Moderate to severe respiratory and cardiovascular depression occurred. Duration of anaesthesia was not related to dose. Urethane (1' 2 and 1· 5 g/kg) caused moderate cardiovascular depression. In addition, mortality was high at the 1·5 g/kg dose. Duration of anaesthesia was greater than 24 h for most animals. Anaesthesia depth and analgesia were excellent.
. This finding is due, in part, to the difficulties associated with objectively quantifying analgesia and anaesthesia in rodents (Flecknell, 1984) . In addition, the theory which states that animals feel and respond to pain in a fashion similar to that of humans has not been universally accepted (Ramabadran & Bansinath, 1986) .
Evidence supporting the theory that pain perception in animals is similar to that of humans extend from studies which establish that nociceptive pathways in animals are similar to those of humans (Ramabadran & Bansinath, 1986; Dubner, 1987) . Thus, experts in anaesthesiology regard any stimulus which is painful for humans to be painful for animals (Flecknell, 1984; Lineberry, 1981; Tyers, 1985) . This approach has recently been applied to objectively quantify depth of anaesthesia, response to noxious stimulation, re~piratory effects and the cardiovascular effects of several anaesthetics commonly used in rats (Wixson et al., 1987b-d) .
In the present study, we use methods similar to those described by to measure depth of anaesthesia, analgesia, and the physiological effects of chloral hydrate, pentobarbitone and urethane anaesthesia in rats. Pentobarbitone was included in this study as a positive anaesthetic control.
Materials and methods

Experimental animals
Adult male Crl: CD(BR) rats weighing 225-250 g (Charles Rivet' Laboratories, Inc., Wilmington, MA) were quarantined for a minimum of 5 days in stainless steel wire bottom cages suspended over absorbent paper. The room environment was maintained at 21 ± O' 5°C, with a relative humidity of 50070 ± 20%, and 12-15 complete air exchanges per hour of 100% fresh air. A 12-h light: dark cycle (lights on at 0700) was provided without twilight. Rodent chow (Wayne Rodent Blox, Diet No. 8640-00: Wayne Pet Food Division, Chicago, IL) was available ad libitum with the exception of a 2 h fast prior to use on study. Fresh water was available ad libitum.
Test substance and control preparation Drug administration
Each drug was reconstituted daily immediately prior to administration. All dosing was i.p., the injections being administered in the lower left abdominal quadrant. Each phase of the study was conducted between 0800 and 1200. Eight animals per dose group were used.
Chloral hydrate (Sigma Chemical Co., Saint Louis, MO), Pentobarbitone (Pentobarbital sodium solution; Fort Dodge Laboratories, Inc., Fort Dodge, IA) and Urethane (Ethyl carbamate; Aldrich Chemical Co., Milwaukee, WI) were reconstituted in sterile non-pyrogenic water (Travenol Laboratories, Deerfield, IL) and administered at a concentration of 50, 20 and 500 mg/ml, respectively. Precautions appropriate for minimizing exposure to carcinogens were used when handling urethane (Field & Lang, 1988) .
Sterile O' 9% physiological saline was used as a negative anaesthetic control. A total volume of ·1·Oml was administered i.p.
Study design and dose selection criteria
This study was divided into 3 phases: Phase I measured duration of anaesthesia; Phase II measured anaesthetic depth; and, Phase III measured cardiovascular and respiratory changes.
Doses in Phase I were obtained from a literature search and results of a pilot study. Chloral hydrate was administered at 300, 400, and 450 mg/kg, pentobarbitone at 40 and 50 mg/kg, and urethane at l' 2 and 1· 5 g/kg (Table 1) . Phase II and III doses for chloral hydrate were 300 and 400 mg/kg, and were based on statistical analysis of Phase I data showing 259 that duration of anaesthesia increased significantly with the dose (P<0·05). Phase II and III doses for urethane were 1.2 and 1· 5 g/kg, and for pentobarbitone was 40 mg/kg.
Quantification of the anaesthetic period
Phase I: Dose-response measurements Induction time: The time to loss of the righting reflex and ambulation.
Duration of anaesthesia:
The time from induction until recovery from anaesthesia (recovery = regaining the righting reflex and ambulation).
Mortality rate: The percentage of animals that died during the anaesthetic period. In addition, 8 rats administered chloral hydrate as a 5% i.p. concentration were permitted to recover for 14 days to determine if adynamic ileus would develop (Davis, Cox & Lindsay, 1985) .
In order to maintain body temperature throughout the anaesthetic period, animals were placed on a 37°C warm water blanket (Aquamatic Model K-20, American Medical Systems, Cincinnati, OH) during anaesthesia.
Phase II: anaesthetic depth Both non-aversive and noxious stimuli were used to assess depth of anaesthesia. Data were collected from animals immediately prior to dosing (Time 0), and 15, 30,60,90 and 120 min after dosing, or until recovery if less than the maximum time point of 120min. All data were collected by the principal investigator (KJF).
Response to non-aversive stimulation
Muscle tone: normal to increased muscle rigidity and/or resistance to flexion or extension of the limbs were recorded as positive.
Palpebral reflex: Blinking and/or head movement in response to a light touch to the medial and lateral canthus of the eye were recorded as positive.
Corneal reflex: Blinking, globe retraction and/or head movement in response to a light touch to the centre of the cornea were recorded as positive.
Response to noxious stimulation
An alligator clip producing 90 g/mm 2 of force (Dial Push Pull Spring Tensiometer, Model DPP-2, John Chattillion & Sons, New York, NY) was used in this study, which is more than double the 40 g/mm 2 threshold at which animals are reported to first recognize a stimulus as nocifensive (Ramabadran & Bansinath, 1986) . This clip was evaluated on the investigator (KJF) prior to study initiation and was found to be mildly painful.
All animals were evaluated for nociception immediately following assessment of responses to nonaversive stimulation using the following methods:
Toe pinch: The clip was attached to the lateral digit of the left hindpaw for approximately 2 s. Sustained leg withdrawal and other movements associated with or directed at the site of stimulation was recorded as positive for nociception.
Tail pinch: the clip was attached to the distal 2 cm of the tail for approximately 2 s. Tail movement and other movements associated with or directed at the site of stimulation were recorded as positive for nociception.
Abdominal pinch: The clip was attached to the ventral midline at the umbilicus for approximately 2 s. Abdominal resistance (abdominal tensing) and other movements associated with or directed at the site of stimulation were recorded as positive for nociception.
Phase III: Cardiovascular and respiratory effects Arterial catheterization
The left carotid artery of each rat was catheterized and mean arterial blood pressure (BP), heart rate (HR), arterial pH, arterial carbon dioxide values (PaC0 2 ) and arterial oxygen values (Pa02) were measured. The catheter was aseptically implanted in animals anaesthetized with halothane (Halocarbon Labs, Hackensack, NJ). The catheter was filled with heparinized saline (500 U/ml) and implanted as previously described (Papovic & Papovic, 1960) . Surgery, including Field, White & Lang anaesthesia, was completed in 12-15 min. Animals were given a minimum of 24 h to recover from surgery before they were used on study.
Blood sampling and blood gas analyses A heparinized a::terial blood sample of approximately O' 15 ml was obtained from each rat pretest (Time 0), and 15, 30, 60, 90 and 120 min after dosing, or until recovery if less than 120min. The blood gas analyser (Instrumentation Laboratories Model 1302, Boston, MA) was calibrated daily with blood gas standards. Rectal temperatures were recorded at the time of blood collection and were used to correct blood gas values for variations in body temperature (Severinghaus, 1966) . Blood samples were sealed, placed on ice and analysed within 15 min of collection. A 0'15 ml transfusion of 0,9070 normal saline was given after each blood collection for volume replacement (Miller et al., 1976) .
Blood pressure and heart rate analyses Direct BP recordings were obtained by connecting the arterial cannula to a physiograph (GouldStratham P23 transducer, Hato Ray, Puerto Rico; Electronics for Medicine VRG Physiograph, White P:,ains, NY). Indirect HR recordings were obtained by counting wave forms generated on the physiological tracing. BP and HR values were obtained as follows. Anaesthetized animals were attached to the physiograph and the monitor was observed until BP and HR stabilized. A 10s tracing was obtained and BP and HR were calculated by averaging values obtained from 5 continuous seconds of the tracing. BP and HR values were obtained at 15, 30, 60, 90 and 120min after dosing, or until recovery if less than 120 min.
Pathology
At the end of each anaesthetic trial, rats were euthanased and a gross necropsy was done. Tissues and organs in the abdominal and thoracic cavity were ex:amined for drug or treatmentrelated effect~,.
Data analyses
Phase I: Arithmetic means, standard deviations, and standard errors were calculated for induction times and durations of anaesthesia. A two-tailed Student's t-test was applied to these data and a probability~O' 05 was considered significant. Linear regression analysis was used to estimate the relationship between duration of anaesthesia and dose (F). An F ;>'0'05 was considered an indication that the linear relationship was poor. In addition, a correlation coefficient (r) for the dose and duration of anaesthesia was calculated.
Phase II: Responses to non-aversive and J;loxious stimulation were analysed using the Fisher Exact Test. A probability~0'05 was considered significant.
Phase III: pH, PaCO z and PaOz values were evaluated after they were normalized. These values were normalized by subtracting each postdosing value from its respective Time 0 value (e.g. T15-TO, T30-TO, etc.). Normalized values were plotted against time. BP and HR values were also plotted against time as recorded, i.e. they were not normalized.
Two-factor analyses of variance with repeated measures was used to analyse pH, PaCO z , PaOz, BP and HR data (SAS Program, The Pennsylvania State University, University Park, PA). The Student Newman-Kuels multiple range test was used to compare treatment groups to control groups at each time interval. A probabilitỹ 0·05 was considered significant.
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Results
Pathology findings
There were no significant gross lesions noted at necropsy in any of the animals used for this study. Thus, histological examination of organs and tissues was not necessary.
Induction of anaesthesia
The mean induction time for each drug was less than 5 min (Table 1) . Induction time for urethane was significantly shorter (P< O' 001) when compared to chloral hydrate and pentobarbitone. In some instances, animals were flaccid before the injection of urethane was completed.
Transition from sedation to anaesthesia with both chloral hydrate and urethane rapid. With pentobarbitone, there was a brief period of hyperexcitability during the induction period characterized by animals appearing tense and exhibiting sharp or sudden movements with their head and body.
Duration of anaesthesia
Although exact duration of anaesthesia for urethane was not determined, urethane produced the longest duration of anaesthesia (Table 1) , and pentobarbitone produced the shortest duration of anaesthesia.
With urethane, some animals remained anaesthetized for more than 24 h.
With chloral hydrate there was a strong linear relationship (F==O·OOI) and correlation (r==0'88) between dose and duration of anaesthesia. For pentobarbitone, the linear relationship (F = O· 1671) and correlation (r = O· 13) between dose and duration of anaesthesia was weak. Due to the length of the anaesthetic period, the relationship between dose and duration of anaesthesia was not determined for urethane.
Recovery from anaesthesia
Rats emerged rapidly and with little warning from chloral hydrate anaesthesia. Most animals appeared to shiver prior to righting, and would subsequently roll to their sternum and crawl or run away, remaining calm until fully recovered. Rats emerged from pentobarbitone slower than from chloral hydrate. Most would slowly right themselves and remain ataxic, sedate and still until more fully recovered.
Rats emerged from urethane slowly over a several hour period. Twenty-four hours after administering the 1· 2 g/kg dose, 5 of 8 were ambulatory, 2 of 8 were sedate and unable to right themselves and one remained anaesthetized.
Twenty-four hours after administering the l' 5 g/ kg dose, 2 of 8 animals were dead, one of 8 was sedate but unable to right itself, and 5 of 8 were righted, ataxic and sedate. Of the 2 animals that died, one died between 3 and 4 h post-dosing, and the other approximately 18 h post-dosing.
Chloral hydra/e 2-week recovery group
One group of 8 rats were administered chloral hydrate as a 5070 intraperitoneal injection at 300 mg/kg and were permitted to recover for 14 days. After 14 days there was no evidence of adynamic ilew; as reported when chloral hydrate is administered at concentrations of 12· 5070 and greater (Davi~, Cox & Lindsey, 1985) . non-aversive and noxious stimulation were dose-dependent. Accordingly, only data from the high dose groups of each anaesthetic is presented.
Chloral hydrate
There was a statistically significant depression in muscle tone (approximately 90 min), the palpebral reflex (90-120 min), and response to the tail, toe and abdominal pinch (75-90 min) at both the 300 and 400 mg/kg doses. The corneal reflex was significantly depressed (P~O'05) at 400 mg/kg but not 300 mg/kg. At 400 mg/kg, the depression of muscle tone and the palpebral reflex was approximately twice that of animals dosed at 300 mg/kg. Similarly, response to the toe, tail and abdominal pinch was depressed two to three times longer at 400 mg/kg than 300 mg/kg.
Pentobarbitone
There was a brief but statistically significant depression in muscle tone (30-45 min) and the palpebral reflex (15-30 min) when pentobarbitone was administered at 40 mg/kg. The corneal reflex and toe pinch were not significantly depressed; however, response to the tail pinch and abdominal pinch was significantly depressed for 30 to 45 min.
Urethane
At both the 1· 2 and 1· 5 g/kg dose there was a statistically significant depression in muscle tone and the palpebral reflex. Muscle tone remained depressed beyond the 2 h assessment period, whereas the palpebral reflex returned to normal in most animals within this time frame. There was not a significant depression in the corneal reflex for either dose during the 2 h observation period. At both doses there was a statistically significant depression of responses to the toe, tail and abdominal pinch, which lasted beyond the 2 h assessment period. Fig. 3 . The mean probability of the presence of a tail pinch, toe pinch, abdominal pinch and corneal reflex in 8 male rats anaesthetized with chloral hydrate at 400 mg/kg. A probability of I' 0 indicates that a positive response occurred in every animal, and a probability of 0 indicates that none of the animals responded. An • indicates that the response differed significantly (P~O'05) from controls at that time point.
Respiratory and cardiovascular effects
Blood gas and cardiovascular effects are summarized in Table 2. pH: There was a statistically significant depression of pH with each anaesthetic used in this study. Depression of pH was dose-related for chloral hydrate and urethane. Dose proportionality of pH for pentobarbitone was not evaluated because only one dose of pentobarbitone was used in this phase of the study.
The pH continued to decrease throughout the observation period for urethane, and was stable but significantly depressed throughout the anaesthetic period for chloral hydrate. The pH of pentobarbitone anaesthetized animals was similar to control values at the end of the anaesthetic period.
PoCO]: There was a statistically significant elevation in PaC0 2 with both chloral hydrate and pentobarbitone, and a statistically significant depression with urethane. The change in PaC02 was dose-related with urethane, but was not dose-related with chloral hydrate. The PaC02 remained significantly different from control values for chloral hydrate and urethane at the end of the observation period, and was similar to that of control values for pentobarbitone after 90 min.
PaD]:
There was a statistically significant depression in Pa02 with both chloral hydrate and pentobarbitone, and a statistically significant elevation wLh urethane. pa02 remained significantly depressed through the 90-min and l20-min sample for pentobarbitone and chloral hydrate, respectively, but were returning towards that of control values for both anaesthetics after the i5-min sample. Pa02 was significantly elevated for urethane at the 30-and 90-min samples, and were similar to control value:; at all other samples. The Pa02 J1ig. 4. The mean probability of a positive response to tbe tail pinch, toe pinch, abdominal pinch and corneal reflex in 8 male rats anaesthetized with pentobarbitone at 40 mg/kg. A probability of 1·0 indicates that a positive response occurred in every animal, and a probability of 0 indicates that none of the animals responded. An • indicates that the response differed significantly (P".0·05) from controls at that time point. }'ig. S. The mean probability of a positive response to the tail pinch, toe pinch, abdominal pinch and corneal reflex in 8 male rats anaesthetized with urethane at 1· 5 g/kg. A probability of 1 . 0 indicates that a positive response occurred in every animal, and a probability of 0 indicates that none of the animals responded. An • indicates that the response differed significantly (P". O' 05) from controls at that time point.
Field, White & Lang Heart rate: There was a statistically significant dose-related depression in HR for both chloral hydrate and urethane. For pentobarbitone, the HR was increased when compared to. control values; however, this increase was not statistically significant. The HR for urethane treated animals were continuing to decline throughout the anaesthetic period, whereas, for chloral hydrate treated animals, the HR was returning to that of control values at the 120 min time point. For pentobarbitone treated animals, the HR was similar to that of control values.
Discussion
Measurement of anaesthetic depth and nociception
The principal objectives of producing general anaesthesia are to provide unconsciousness, amnesia, and analgesia for the patient. The veterinary anaesthetist can more readily meet these objectives if they have experience in assessing planes of anaesthesia for the particular species they are anaesthetizing (Booth, 1982; Woodbridge, 1957) . Therefore, one goal of the present study was to recommend methods that would be useful for an investigator to employ when evaluating anaesthesia in rodents. In order to provide thest: recommendations, we examined the pattern in ""hich the animals' response to the non-aversive and noxious stimulation disappeared. Our findings ir,dicate that responses attenuated in the following order:
• muscle tone was first to disappear;
• the palpebral reflex and abdominal pinch disappeared next and at approximately the same time; • the tail pinch disappeared next; • response to the corneal reflex disappeared last.
Based upon these findings, we are in agreement with oth'~r investigators in recommending that the anaest'.1etistevaluate multiple parameters when determining the anaesthetic depth of the patient (Kissin et 01., 1981; Lineberry, 1981; Whelan & Flecknell, 1992) . In addition, we conclude that lttempting to abolish the response to the toe pinch in a rat anaesthetized with a hypnotic agent may lead to an anaesthetic overdose. Our observations indicate that rats continue to re!;pond to a toe pinch after they have stopped responding to an abdominal pinch and tail pinch. Similarly, Wixson et 01. (1987b) found that rats would continue to respond to a toe 
Summary of respiratory and cardiovascular effects
Severe uncompensated respiratory acidosis; severe dose-related depression of blood and heart rate.
Moderate to severe uncompensated respiratory acidosis; moderate depression of blood pressure; slight elevation of heart rate.
Metabolic acidosis with partial respiratory compensation; respiratory and cardiovascular effects; suggestive of hyperventilation; moderate dose-related depression of blood pressure and heart rate.
pinch and tail pinch after they stopped responding to an abdominal incision. Observations in the present study, and those made by other investigators (Whelan & Flecknell, 1992) , confirm Wixson's findings. In this context, we have summarized our findings in the following manner:
I. depression of muscle tone, the palpebral reflex and response to the abdominal pinch indicate that anaesthesia is adequate for minimal to moderately painful procedures; 2. depression of responses to the tail pinch and toe pinch indicate that anaesthesia is adequate for moderate to markedly painful procedures; 3. depression of the corneal reflex appeared to correspond to a dangerously deep plane of anaesthesia, indicating that anaesthesia is adequate for markedly painful procedures.
Conclusion
Chloral hydrate, pentobarbitone and urethane produced a depth of anaesthesia and analgesia that was sufficient for surgical procedures (Table  3) . However, it was clear that the analgesia obtained with pentobarbitone (40 mg/kg) was not adequate for markedly painful procedure (see Table 2 ). In contrast, chloral hydrate (300 and 400 mg/kg) and urethane (1 .2 and 1. 5 g/kg) were adequate for major surgical procedures. As the dose of chloral hydrate was increased from 300 to 400 mg/kg, animals reached a deeper plane of anaesthesia, and the duration of anaesthesia almost doubled. As the depth of anaesthesia increased, cardiovascular and respiratory depression increased (arterial blood pH, blood pressure, and heart rate decreased dramatically). The effect of chloral hydrate on the cardiovascular and respiratory system are attributed to a direct depressant effect on the respiratory centre, heart, and vasomotor centre (Lehmann & Knoefel, 1938) . In addition, chloral hydrate has an eserine-like effect on the heart, which results in bradycardia and increased vagal sensitivity. Some investigators have speculated that the eserine-like effects are responsible for acute cardiac arrest in chloral hydrate anaesthetizeed horses that experience vagal stimulation during surgery (Adams, 1943; Brown, 1962; Lehmann & Knofel, 1938) .
As urethane was increased from 1·2 to 1. 5 g/kg, only minor changes in anaesthetic depth, analgesia, blood gases, blood pressure and heart rate were detected. However, there was a profound depression of the arterial pH, and an unacceptable increase in mortality at 1· 5 g/kg. In addition, urethane increased Pa02 and decreased PaC0 2 at both doses, which is opposite to the effect seen with chloral hydrate and pentobarbitone, and is consistent with a hyperventilating animal. This finding has been reported previously when urethane was administered at 1· 25 g/kg (Folie & Levesque, 1976) ; however, at 1.0 g/kg, blood gas values have been reported to remain very similar to those of unanaesthetized animals (Buelke-Sam et al., 1978) . Based upon these findings, the advantages noted for urethane at 1· 0 g/kg are diminished at doses of 1· 2 and 1'5 g/kg.
Pentobarbitone caused respiratory and acidbase depression that was second in magnitude only to chloral hydrate. However, both doses of chloral hydrate provided better anaesthetic depth and analgesia than did pentobarbitone. The acidbase effects of pt:ntobarbitone are attributed to depression of the respiratory centre (Erhardt et al., 1984) , whi::h would also account for the uncompensated respiratory acidosis that developed in the present study. Similarly, the hypotension noted with pentobarbitone is attributed to d:.rect depression of both the vasomotor centre and the myocardium (Dripps et al., 1982) . The elevated heart rate noted in this and previous studies is reported to be a reflex response to the hypotension (Bristow et aI., 1969) .
